The RNA world hypothesis describes a stage in the early evolution of life in which RNA served as genome and as the only genome-encoded catalyst. To test whether RNA world organisms could have used cyclic trimetaphosphate as an energy source, we developed an in vitro selection strategy for isolating ribozymes that catalyze the triphosphorylation of RNA 5 0 -hydroxyl groups with trimetaphosphate. Several active sequences were isolated, and one ribozyme was analyzed in more detail. The ribozyme was truncated to 96 nt, while retaining full activity. It was converted to a transformat and reacted with rates of 0.16 min À1 under optimal conditions. The secondary structure appears to contain a four-helical junction motif. This study showed that ribozymes can use trimetaphosphate to triphosphorylate RNA 5 0 -hydroxyl groups and suggested that RNA world organisms could have used trimetaphosphate as their energy source.
INTRODUCTION
The early evolution of life went through a stage in which RNA molecules served as genome and as genome-encoded catalyst, according to the RNA world hypothesis (1) (2) (3) . This hypothesis is widely accepted due to several lines of evidence [for recent reviews, see (4, 5) ]. Direct fossil evidence of the RNA world, however, may never be found because the expected chemical components of these organisms would almost certainly not have survived more than three billion years until today (6) . To determine how an RNA world organism could have functioned, researchers are attempting to re-create an RNA world organism in the laboratory (7) (8) (9) (10) (11) (12) . The replication of an RNA world organism would have relied on the synthesis of nucleotides (13) (14) (15) (16) (17) (18) (19) , the generation of chemically activated nucleoside 5 0 -phosphates (see later in the text) and their polymerization (10) . The focus of this study is the generation of chemically activated 5 0 -phosphates.
The polymerization of RNA is entropically unfavorable in aqueous environments. Strategies to energetically drive RNA polymerization may have been different in two phases of the RNA world. First, in the prebiotic phase and perhaps in an early phase of the RNA world, RNA polymerization may have been driven by the evaporation of water from a solution (20) and from lipid encapsulations (21) , or by the activation of the nucleotide's 5 0 -phosphate with a wide range of leaving groups (22) such as adenine (23) , cyanide (24) , imidazole (25, 26) , or 2methylimidazole (27) . Importantly, these activation groups lead to hydrolysis in aqueous environment within hours. Second, in later phases of the RNA world, when lipid vesicles presumably encapsulated aqueous droplets of self-replicating RNA systems (9, (28) (29) (30) , kinetically more stable activation groups would have been important. This requirement is fulfilled by nucleoside triphosphates, the universal energy currency in all known life forms.
Nucleoside triphosphates can be generated from nucleosides and cyclic trimetaphosphate (TMP) (31) . TMP is a prebiotically plausible compound because it can be generated by volcanic activity (32) , by the erosion of phosphide minerals (33) and by heating of phosphate in the presence of urea (34) . Additionally, TMP results from the self-reaction of the termini of linear polyphosphates in aqueous medium (35) . The prebiotic availability of TMP is supported by the recent finding of abundant, reactive and reduced phosphorus species in sediments of 3.5 billion-year-old marine sediments (36) . These phosphorus species can form polyphosphates including TMP if sources such as lightening provide hydroxyl radicals (33) . Although TMP is the most reactive polyphosphorylating reagent of alcohols among all polyphosphates (37) , the reaction between nucleoside 5 0 -hydroxyl groups and TMP proceeds efficiently only at pH values >12 (31) . At such high pH, RNA world organisms would hydrolyze quickly. Therefore, RNA world organisms would require a catalyst to use TMP as energy source.
The triphosphorylation of nucleoside 5 0 -hydroxyl groups with TMP appears to be well within the range of catalysis by ribozymes. Most ribozymes are acid-base catalysts and have a particular capacity for phosphoryl transfer reactions (38) (39) (40) (41) (42) (43) (44) (45) (46) (47) . To identify ribozymes for new reactions, the only known route is the in vitro selection from large pools of random RNA sequences (42, 48, 49) . Therefore, we aimed to develop an in vitro selection scheme for the isolation of ribozymes that catalyze the triphosphorylation of RNA 5 0 -hydroxyl groups using TMP.
Here, we describe the in vitro selection of a ribozyme that uses TMP to triphophorylate RNA 5 0 -hydroxyl groups. After five to eight rounds of selection, we obtained several active ribozymes, one of which was analyzed in more detail. This ribozyme was able to triphosphorylate RNAs in cis and in trans, with a k cat of up to 0.16 min À1 . These results suggested that RNA world organisms could have used TMP as their energy source.
MATERIALS AND METHODS

In vitro selection
The DNA pool for the selection was generated from a 187nt long DNA oligomer ('ultramer', Integrated DNA Technologies (IDT)) that included 150 positions with randomized sequence (phosphoramidites were hand mixed) and primer binding sites on both termini. This 187-mer was annealed to a 79-mer, which attached the sequence of the hammerhead ribozyme and the promoter of T7 RNA polymerase to the 5 0 -terminus of the pool. Amplification with short primers generated doublestranded copies of the pool. The DNA pool was transcribed into the RNA pool under standard conditions, during which the 5 0 -terminal hammerhead ribozymes cleaved themselves from the pool, generating 5 0 -hydroxyl groups on the RNA pool. The sequence of the transcript was 5 0 -GGGCGGTCTCCTGACGAGCTAAGCGAAACTGCG GAAACGCAGTCGAGACCGAGATGTT-N 150 -CGCCA GTTAAGCTCCAGC-3 0 , where the removed hammerhead ribozyme sequence is underlined. The RNA pool was purified by denaturing polyacrylamide gel electrophoresis to remove any uncleaved pool molecules.
The 5 0 -hydroxylated RNA pool was incubated with TMP in a buffer containing 100 mM MgCl 2 , 50 mM trisodium TMP (freshly dissolved and sterile filtered) and 50 mM Tris-HCl, pH 8.3. All triphosphorylation reactions during the selection were done at pH 8.3. When the solutions with TMP and MgCl 2 were combined, the pH dropped to $4.5. This pH was restored to the pH of the TMP solution alone (pH $6) before the buffer (Tris-HCl, pH 8.3) was added. After 3 h or 5 min (depending on the selection round) of incubation at room temperature, RNAs were ethanol precipitated. The large salt pellet was extracted with a small volume of cold water to remove most of the salt. The remaining pellet was dissolved in water, desalted by size exclusion chromatography (P30 spin-columns; Bio-Rad), ethanol precipitated and redissolved in water.
The recovered RNA pool molecules were heat renatured (2 min/80 C) with a 1.25-fold molar excess of the R3C ligase ribozyme (50) (whose arms were designed complementary to the RNA pool 5 0 -terminus and the biotinylated capture oligonucleotide) and a 1.5-fold molar excess of biotinylated capture oligonucleotide [5 0 -biotin-d(GAACTGAAGTGTATG)rU-3 0 ], in 100 mM KCl and 100 mM Tris-HCl, pH 8.5. The solution was diluted to 400 nM pool RNA, 500 nM ligase ribozyme, 600 nM capture oligonucleotide and adjusted to 50 mM KCl, 25 mM MgCl 2 , 2 mM spermidine, 20% (w/v) PEG 8000 and 50 mM Tris-HCl, pH 8.5. After incubation for 3 h at 30 C, magnesium was chelated by an excess of Na 2 EDTA, and the mixture was heated (10 min/50 C) with a 10-fold excess of a DNA complementary to the ligase ribozyme to free the ligated RNAs. The biotinylated nucleic acids were captured during 30 min of agitation with streptavidin-coated magnetic beads (Promega) containing a 1.5-fold excess of biotin binding sites over biotinylated capture RNAs. Captured RNAs were washed first with 50 mM KCl, 20 mM 4-(2hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)/ KOH pH 7.2 and 0.01% Triton X-100, then with 20 mM NaOH and 0.01% Triton X-100. RNA pool molecules were eluted from the magnetic beads by heating (3 min/65 C) with 95% formamide/1 mM Na 2 EDTA. The effective complexity of the RNA pool was 1.7 Â 10 14 sequences, based on an initial complexity of the doublestranded DNA library of 2.4 Â 10 14 sequences, a total of 1.6 nmol of RNA pool molecules that entered the ligation step, losses of $60% in the ligation step, losses of $50% in the capture on streptavidin-coated beads and losses of $20% in further processing steps (data not shown). After ethanol precipitation, the RNAs were reverse transcribed using Superscript III reverse transcriptase (Invitrogen) and polymerase chain reaction (PCR) amplified using Taq polymerase. The 5 0 -PCR primer added a selective step because a part of its binding site was generated by the biotinylated capture oligonucleotide. The DNA pool for the next round of selection was regenerated by PCR amplification with the 79-nt primer that was used to attach the hammerhead ribozyme and the T7 RNA polymerase promoter. We used a previously published protocol for mutagenic PCR (51) .
In pilot PCR amplifications of the reverse-transcribed products, short PCR artifacts created the dominant product after $30 PCR cycles. We assumed that this was because some pool molecules allowed the PCR primers to anneal within the randomized region, and shorter amplicons are known to outcompete longer amplicons during PCR (52) . To avoid that problem we 'doped' the RNA pool molecules after the incubation with TMP with 1/37 000 molar amount of pool 0 molecules that carried a 5 0 -triphosphate. Because these 5 0 -triphosphorylated molecules were ligated efficiently to the capture oligonucleotides, the doped pools required only 18-30 PCR amplification cycles and suppressed short PCR artifacts. Although this may have slowed the selection compared with a protocol without PCR problems, the 1/37 000-fold did not seem to harm the enrichment over multiple rounds of selection.
Triphosphorylation assays
For the self-triphosphorylation assay based on the R3C ligase ribozyme, cloned ribozymes were first transcribed in vitro (53) and purified by denaturing polyacrylamide gel electrophoresis (PAGE). Triphosphorylation reactions with 5 mM triphosphorylation ribozyme were incubated with 50 mM TMP, 100 mM MgCl 2 (corresponding to 50 mM free Mg 2+ ) and 50 mM Tris-HCl (final pH 8.1) for 3 h at 22 C. The reaction mixture was diluted 10-fold with a buffer such that buffer concentrations were 500 nM ribozyme, 500 nM R3C ligase ribozyme, 500 nM of an oligonucleotide (5 0 -[ 32 P]-d(GAACTGAAGTGTATG)rU-3 0 ), 100 mM KCl, 100 mM Tris-HCl, pH 8.5, and 15 mM Na 2 EDTA. After heat denaturation (2 min/ 65 C), the mixtures were diluted another 2-fold and adjusted to 20% (w/v) PEG 8000, 22 mM free Mg 2+ , 50 mM KCl, 2.5 mM spermidine and 100 mM Tris-HCl pH 8.5. This ligation reaction was incubated at 30 C for 2 h, stopped by ethanol precipitation and the products were separated by denaturing 10% PAGE. Gels were exposed to phosphorimager screens, scanned on a PMI phosphorimager (Bio-Rad) and signals were quantitated using the software quantity one.
The self-triphosphorylation assay based on the DNAzyme used triphosphorylation ribozymes that were internally [ 32 P] labeled during transcription and purified by denaturing PAGE. Triphosphorylation reactions with 8 mM ribozyme were incubated as described earlier in the text. At specific time points, 2 ml aliquots of the reactions were quenched by adding them to 8 ml of a solution containing 31.25 mM Na 2 EDTA, 375 mM NaCl, 32 pmol of a DNAzyme that recognized the 14 nt conserved at all triphosphorylation ribozyme 5 0 -termini, and 32 pmol of a DNA oligonucleotide that was complementary to the first 25 nt of the 'N 150' sequence to improve accessibility for the DNAzyme. After heat renaturation (2 min/80 C), the DNAzyme reaction was initiated by adding 10 ml of a solution containing 200 mM MgCl 2 , 100 mM Tris-HCl pH 8.3, and incubated for 1 h at 37 C. Two microliter of these reactions were quenched with 8 ml of PAGE loading buffer containing 16 pmol of a DNA oligonucleotide complementary to the DNAzyme, 90% (v/v) formamide and 37.5 mM Na 2 EDTA. Products were separated by denaturing 22.5% PAGE and analyzed as described earlier in the text.
The trans-triphosphorylation assay used substrate molecules that were internally [ 32 P] labeled during transcription. Two hammerhead ribozymes were contained in the transcript, one at the 5 0 -terminus and one at the 3 0 -terminus. The 5 0 -terminal hammerhead ribozyme generated the 5 0 -hydroxyl group, whereas the 3 0 -terminal hammerhead ribozyme generated a homogeneous 3 0 -terminus (54) . Cleaved transcripts were purified by denaturing PAGE. Reaction mixtures with 5.5 mM triphosphorylation ribozyme and substoichiometric concentrations of radiolabeled substrate were incubated as described earlier in the text. At specific time points, 1.5 ml of the reactions were added to 6.5 ml of formamide PAGE loading buffer containing 20 mM Na 2 EDTA, heat renatured and separated by denaturing 20% PAGE. Quantitation of the signals was as aforementioned. For the titration of the TMP concentration, the chelation of Mg 2+ with TMP generated a slight reduction in the pH for the reaction with 200 mM [TMP] such that the pH of 8.1 (all other reactions) was reduced to pH 7.6.
TMP was obtained as trisodium salt from MP Biomedicals (cat # 150160; lot # 9425H). The supplier listed 0.4 mg/kg of arsenic and <4 mg/kg of lead as contamination. We tested for other polyphosphates in the preparation by electrospray-ionization Mass Spectroscopy (ESI-MS) analysis. The results suggested that the used TMP sample contained $80% TMP, 10% linear triphosphate and 10% of linear tetraphosphate, under the assumption that these molecules have similar ionization efficiencies under ESI-MS. Traces of orthophosphate and no detectable amounts of pyrophosphate or polyphosphates longer than tetraphosphate were found.
Generation of modified ribozyme constructs
Sequence modifications were introduced into ribozyme constructs by PCR mutagenesis or the Quickchange protocol for site-directed mutagenesis (Stratagene). All DNA sequences were confirmed by cloning into pUC19 and sequencing. The only exceptions were ribozyme constructs where mutations near the 3 0 -terminus could be introduced during PCR amplification of the templates for transcription. RNAs were generated by runoff transcription by T7 RNA polymerase as described (53) and purified by denaturing PAGE. The sequences in the mutated substrate recognition duplex of the trans-reaction were 5 0 -GAGACCGUACAUUU-3 0 for the substrate and 5 0 -GGAUGUAC . . . -3 0 for the ribozyme 5 0 -terminus. Underlined nucleotides differ from the wild-type sequence.
Mass spectrometric analysis
Substrate RNAs were prepared as described for the transtriphosphorylation reaction, but without internal radiolabeling. A fraction of the substrate was incubated with an excess of the TPR1 ribozyme for 3 h. The product of the triphosphorylation reaction and unreacted substrate RNA were purified by denaturing PAGE, and desalted on C 18 Zip-tips (Millipore). About 20 pmol of each sample were dissolved in 4 ml containing 3-hydroxypicolinic acid and diammonium hydrogen citrate, and spotted on matrix-assisted laser desorption/ionization (MALDI) targets. The mass spectra were recorded by Dr Yongxuan Su at the UCSD Molecular Mass Spectrometry Facility in negative ion mode on a Bruker Biflex IV, MALDI-time-of-flight mass spectroscopy (TOFMS).
SHAPE analysis
For SHAPE analysis, the TPR1 ribozyme was extended at its 3 0 -terminus by 12 nt such that a 12-nt reverse transcription primer could facilitate analysis of the complete ribozyme. The trans-reacting TPR1 ribozyme was incubated at a concentration of 1 mM with a 1.5-fold stoichiometric excess of its substrate, in 100 mM MgCl 2 , 50 mM trisodium TMP and 50 mM HEPES/KOH pH 8.0. To 9 ml of this solution, 1 ml of dimethyl sulfoxide (DMSO) or a 20 mM solution of 1M7 (55) in DMSO was added. After incubation for 3 min at room temperature, the reaction products were ethanol precipitated. Reverse transcription with a 5 0 -[ 32 P]-radiolabeled 12-nt long reverse transcription primer was facilitated by Superscript III reverse transcriptase (Invitrogen). Reaction products were ethanol precipitated, redissolved in formamide PAGE loading buffer, heated (2 min/80 C) and separated by denaturing 10% and 20% PAGE. Signal quantitation was done as described for the triphosphorylation assays. Only primary reaction sites were observed because >80% of the reverse transcription products had full length, and signals appeared with consistent kinetics in a concentration series of 1M7 (not shown). The signals were judged as strong, or weak when their intensity was at least 30%, or 8.5% of the strongest SHAPE signal intensity, respectively. Markers were synthetic DNA molecules with 5 0 -[ 32 P] label that had the exact sequence of expected reverse transcription products and a length of 25, 47 and 70 nt.
RESULTS
In vitro selection
An in vitro selection procedure was established to obtain ribozymes that use TMP to triphosphorylate RNA 5 0 -hydroxyl groups (Figure 1 ). First, a double-stranded DNA pool was generated that encoded the T7 RNA polymerase promoter, a hammerhead ribozyme and 150 randomized nucleotides flanked by two constant primer binding sites. The hammerhead ribozyme served to generate 5 0 -hydroxyl groups at the 5 0 -termini of the pool molecules (56) . The hammerhead ribozyme cleaved itself efficiently off the pool under transcription conditions so that >95% of the pool was cleaved after 2 h of transcription incubation (data not shown). The gel-purified pool molecules were then incubated for 3 h with 100 mM MgCl 2 , 50 mM TMP and 50 mM Tris-HCl pH 8.3 to allow catalytically active pool molecules to triphosphorylate their own 5 0 -terminus. We found that TMP chelated an equimolar amount of Mg 2+ (data not shown), therefore the triphosphorylation conditions provided 50 mM free magnesium ions. To isolate pool molecules that carried a 5 0 -triphosphate, the R3C ligase ribozyme was used (50) . This ribozyme created 3 0 -5 0phosphodiester bonds between 5 0 -triphosphorylated pool molecules and the 3 0 -hydroxyl group of a 5 0 -biotinylated oligonucleotide. The biotin modification allowed capturing the pool on streptavidin-coated magnetic beads, and stringent washing of pool molecules that were coupled covalently to the biotin moiety. The captured pool molecules were reverse transcribed and PCR amplified. In a second PCR step, the T7 RNA polymerase promoter and the 5 0 -terminal hammerhead ribozyme sequence were regenerated, completing one round of the selection. In a mock selection round, we estimated that 5 0 -triphosphorylated RNAs were enriched at least 9000-fold in a single selection round (Supplementary Figure S1 ). Based on the effective complexity of the RNA pool of $1.7 Â 10 14 sequences (see 'Materials and Methods' section) and the enrichment factor of $10 4 -fold/selection round (Supplementary Figure S1 ), we anticipated that catalytically active sequences could dominate the RNA pool after four selection rounds. To follow the progress of the selection, we monitored the number of PCR cycles that were required after each reverse transcription reaction to generate clearly detectable bands on agarose gels (Supplementary Figure S2) . Satisfyingly, the number of PCR cycles dropped from at least 17 cycles in rounds one to 3-8 cycles in round four. Two modifications were used for the later selection rounds. First, mutagenic PCR was introduced in the amplification steps to allow the pool molecules to explore their sequence neighbors and perhaps find more active sequences. Second, the population was split into two branches, one exposed to the same selection pressure as before (3 h of incubation with TMP), and one exposed to high selection pressure (only 5 min of incubation with TMP). In round seven, a crossover branch was added to allow clones from low selection pressure to cross into the high selection pressure branch of round eight. A total of 36 sequences were obtained from the pools after five and eight selection rounds, from low and high selection pressure branches (Supplementary Figure S3) . The clones were named after their selection history: R5 or R8 denoting their round of isolation, a combination of the numbers 3 and 5 denoting the incubation times with TMP (3 h and/or 5 min) and C with the clone number.
Identification of the most active ribozyme clones
To identify ribozymes with high activity, we screened the 36 isolated clones for activity. This screen used the same procedure as during the selection, reacting the ribozyme with TMP followed by ligation to a short RNA using the R3C ligase ribozyme, but a 5 0 -radiolabeled oligonucleotide was used instead of a biotinylated oligonucleotide (Supplementary Figure S4) . The fraction of shifted oligonucleotides in a denaturing gel reported the ligation efficiency and indirectly the triphosphorylation efficiency. The 36 ribozyme clones were sorted according to their activity, which revealed a wide distribution of activities ( Figure 2 ). Several sequences appeared multiple times, but their multiplicity was not correlated with increased activity. The activity of several ribozyme clones in this assay was $2-fold higher than that of a positive control, made from pool RNA containing a 5 0 -triphosphate. We assumed that this was because the assay was not directly monitoring triphosphorylation activity, and the clones with peculiarly high activity worked especially well together with the R3C ligase ribozyme used in the selection procedure. To identify those ribozyme clones that were most efficient in catalyzing the triphosphorylation reaction, we chose the eight most active clones from the ligase ribozyme-based assay.
To directly monitor the triphosphorylation status at the ribozyme 5 0 -termini, a different gel shift assay was used (Figure 3 ). Because the gel shift of the triphosphate group was too small to detect migration differences of the 182-nt long ribozymes, we used the 8-17 DNAzyme (57) to cleave off the eight 5 0 -terminal nucleotides. The triphosphorylation ribozymes were internally labeled; therefore, the triphosphorylation status of the 8-nt R8_35C7  R8_55C14  R8_35C5  R8_35C6  R5_5C16  R5_5C8  R5_5C7  R5_3C16  R8_55C7  R5_5C2  R8_35C13  R8_55C9  R8_35C1  R8_55C5  R5_3C18  R5_3C14  R5_3C17  R8_55C11  R8_55C6  R5_3C12  R5_3C19  R8_55C12  R5_3C6  R5_5C15  R8_55C4  R5_5C4  R8_35C14  R8_35C18A  R8_35C18B  R5_5C1  R8_55C10  R8_35C10  R8_55C18 R8_35C16 R5_3C21 + control Figure 2 . Screen of 36 in vitro selected RNAs for self-triphosphorylation activity, using an assay based on the R3C ligase ribozyme (see Supplementary Figure S4 ). The column heights show the percent of 5 0 -[ 32 P]-radiolabeled oligonucleotide that was ligated to the individual selected RNAs by the ligase ribozyme, after the selected RNAs were incubated with TMP for 3 h to allow for self-triphosphorylation. Therefore, the percent of ligated oligonucleotide was an indirect measure of self-triphosphorylation activity. As positive control, the unselected RNA pool was ligated to the radiolabeled oligonucleotide, facilitated by a 5 0 -triphosphate that was incorporated during transcription (white column and horizontal dashed line). The labels on the x-axis denote the clone names (round of isolation_branch of the evolution_clone number). The clones were sorted according to the average percent of ligated oligonucleotide. The sequences of all 36 clones are shown in Supplementary Figure S3 . Classes of related sequences are indicated by symbols, with empty squares (class 1), empty triangles (class 2), empty circles (class 3), filled circles (class 4), filled squares (class 5) and filled diamonds (class 6) each belonging to one class. Class 5 is represented by a single clone because the second clone had the identical sequence. No other clone showed related sequences among the 36 clones. The eight clones with the highest activity (arrows) were chosen for further analysis. Error bars are standard deviations from three independent experiments. fragment could be followed after separation on denaturing polyacrylamide gels and phosphorimaging. The 8-nt fragments of unreacted ribozymes comigrated with RNAs containing a 5 0 -hydroxyl terminus, and the fragment after incubation with TMP comigrated with RNAs containing a 5 0 -triphosphate. This confirmed that the products were triphosphorylated at their 5 0 -terminus. Quantitation of the signals after different triphosphorylation reaction times resulted in singleexponential time dependence, revealing pseudo-first order rate constants between 0.01 and 0.03 min À1 for each of the eight analyzed ribozymes. Although most ribozymes reacted to a final extent of 30-50%, one ribozyme (clone R5_3C21) reacted to >80%. This clone was chosen for further analysis. If the ribozymes were able to triphosphorylate single free nucleosides, they could directly generate nucleoside triphosphates. To test whether the eight most active ribozymes could triphosphorylate free nucleosides, they were truncated at their 5 0 -terminus by one nucleotide (to accommodate the free nucleoside) and incubated with C 14radiolabeled guanosine. The products were separated by Polyethylenimine (PEI) cellulose thin layer chromatography (TLC) analysis and analyzed by autoradiography (Supplementary Figure S5 ). None of the tested ribozymes generated a detectable signal for guanosine triphosphate (GTP). The result was the same when the ribozymes were not truncated, or when they were incubated at pH 9.5 or at different temperatures (40 C and À20 C) (data not shown).
Truncation of ribozyme R5_3C21
We removed fragments from different portions of the 182-nt long R5_3C21 ribozyme to test whether a shorter fully active ribozyme could be obtained (Figure 4) . The activity of the resulting truncated ribozymes was measured with the gel shift assay that directly monitored the 5 0 -triphosphorylation with the help of the 8-17 
Max. (%) k obs (min -1 ) 83 ± 1 51 ± 2 50 ± 2 52 ± 5 47 ± 10 52 ± 2 36 ± 2 34 ± 2 0.013 ± 0.001 0.028 ± 0.002 0.024 ± 0.001 0.016 ± 0.002 0.017 ± 0.010 0.016 ± 0.002 0.017 ± 0.001 0.012 ± 0.002 DNAzyme. The choice of deleted ribozyme fragments was based on the predicted secondary structures of the fulllength ribozyme (58) . When portions of the 5 0 -domain of the ribozyme were deleted, triphosphorylation activity was abolished (truncation 1 and 2). When portions of the 3 0domain were deleted, full triphosphorylation activity was retained (truncations 3 and 4). This allowed truncating the ribozyme to 96 nt, whereas further truncation to 92 nt caused a slight reduction in activity (truncation 5). Therefore, the further experiments used truncation 4 of ribozyme R5_3C21, with a length of 96 nt. This ribozyme was termed TPR1.
Triphosphorylation of short RNAs in trans
We were interested to see whether the TPR1 ribozyme would be able to triphosphorylate a short substrate RNA in trans ( Figure 5 ). For this purpose, a short hairpin structure near the ribozyme 5 0 -terminus was separated at its loop, and the duplex was elongated to different lengths (6-9 bp). This was done using substrates with a length of 12, 13, 14 and 15 nt that showed complementarity to the corresponding ribozyme 5 0 -termini. After incubating the radiolabeled substrates with the corresponding TPR1 ribozymes, the products were separated on denaturing polyacrylamide gels and the signals quantitated. The results showed that the TPR1 ribozyme was triphosphorylating the substrates in trans. The shortest substrate, which formed a duplex of 6 bp with the ribozyme, resulted in slow reaction kinetics. In contrast, longer substrates that formed duplexes of 7-9 bp showed the same kinetics and reacted to the same extent of reaction as the cis-acting TPR1 ribozyme. The duplex length of 8 bp was chosen for further experiments, corresponding to a 14-nt substrate RNA. When 6 of the 8 bp in this duplex were modified (see 'Materials and Methods' section for the sequences), the reaction kinetics did not change significantly (0.023 min À1 in the mutant compared with 0.020 min À1 in the wild-type). This suggests that the existence of the duplex but not the identity of its paired bases was important to mediate the trans-reaction.
Several lines of evidence suggested that the TPR1 ribozyme was generating 5 0 -triphosphate groups: the reaction between nucleoside 5 0 -hydroxyl groups and TMP was established previously (31) , the reacted ribozymes could be ligated by the R3C ligase ribozyme (Supplementary Figure S4 ) and the ribozyme reaction products showed the same gel shift as a 5 0 -triphosphate ( Figure 3B ). In addition, the trans-reaction presented a good opportunity for a more rigorous test. The mass of the short substrate RNA was analyzed before and after the reaction with ribozyme and TMP ( Figure 5D ). The expected mass difference was 239.94 Da. Satisfyingly, the observed mass difference (239.83 Da) was in excellent agreement with the prediction, thereby confirming that the in vitro selected ribozymes used TMP to triphosphorylate the RNA 5 0 -hydroxyl groups.
Secondary structure analysis
To identify single-stranded nucleotides in the ribozyme, we subjected it to SHAPE analysis with 1-methyl-7nitroisatoic anhydride (1M7) (59) . This reagent covalently reacts with 2 0 -hydroxyl groups that can adopt a specific geometry, and can therefore discriminate flexible nucleotides from double-stranded nucleotides, which is used to determine RNA secondary structures (60) . The 1M7 reactivities with our ribozyme identified several flexible regions and several regions that were probably base paired ( Figure 6A) . These constraints were used to build a secondary structure model that contained a central fourhelix junction ( Figure 6B ). Four-helix junctions were identified previously for RNA molecules such as between the spliceosomal RNAs U2 and U6 (61) and in the internal ribosomal entry site of HCV (62) .
To test whether the two short helices formed, the predicted base pairs between C10 and G33 on the ribozyme and between C5 on the substrate and G69 on the ribozyme were chosen for analysis ( Figure 6C ). At each base pair, three mutants were constructed and tested for activity. The single mutations removed the expected base pair and were expected to decrease activity. The double mutants were expected to restore the base pair and Figure S3 ). Dotted lines indicate internal segments that were removed. Symbols to the right of each construct are consistent with the symbols in (B). (B) Triphosphorylation kinetics for the initial isolate and five truncated sequences. The kinetics was determined with the DNAzyme assay ( Figure 3 ). Black lines represent single-exponential curve fits to the data. The symbols of truncations 1 and 2 are overlapping near the x-axis.
catalytic activity. As predicted, there was no detectable activity for any of the single mutations ribozyme variants tested. The C5G/G69C double mutation restored $50% of the activity, but the C10G/G33C double mutation showed only slight activity. This confirmed the formation of the base pair between C5 and G69. It is possible that the C10/G33 base pair formed but that the identity of the bases was also important for activity. The sequence 5 0 -GGG-3 0 (G32-G34) could base pair to the sequence 5 0 -CCCCC-3 0 (C8-C12) in three possible registers, not only in the register described above (C10/ G33). To test whether the helix formed in any of the two alternative registers, base covariation experiments were performed at C9/G33 and C11/G33. No single mutant and no double mutant showed detectable activity (data not shown), in contrast to the register C10/G33. This suggested that the base pair between C10 and G33 was formed, and that the identity of C10 and/or G33 was also required for maximum activity.
Dependence of kobs on [TMP], [Mg2+] and pH
To identify the reaction conditions at which the TPR1 ribozyme worked most efficiently, the dependence of the observed reaction rate on the concentration of TMP, free magnesium ions and pH were investigated (Figure 7) . TMP appeared to chelate an equimolar amount of Mg 2+ (data not shown); therefore the excess of [Mg 2+ ] over [TMP] in our experiments was called the free [Mg 2+ ].
When the concentration of free magnesium ions was kept constant at 50 mM, an increase in the TMP concentration led to an increase in the observed rate to 0.03 min À1 at 100 mM [TMP], at pH 8.1. The [TMP] dependence was consistent with a 1:1 stoichiometry between ribozyme and TMP (curve fit in Figure 7A ). Increases in the magnesium concentration at a constant TMP concentration of 100 mM led to a further increase in the reaction rate, with a k obs of 0.16 min À1 at 400 mM of free [Mg 2+ ], at pH 8.1 ( Figure 7B ). The pH dependence of the reaction was tested under these conditions [100 mM [TMP] and 400 mM free [Mg 2+ ]], as well as under the reaction conditions used during the selection [50 mM [TMP] and 50 mM free [Mg 2+ ]] ( Figure 7C ). In these reactions three buffers were used: 2-(N-morpholino)ethanesulfonic acid (MES)/NaOH, HEPES/NaOH and Tris-HCl. For all reactions, the observed triphosphorylation rate increased linearly with the pH in the region between pH 5.5 and 8.5, with a slope of about one. This is consistent with a single deprotonation step being limiting for the reaction, perhaps the deprotonation of the RNA 5 0 -hydroxyl group in preparation for the nucleophilic attack on TMP.
DISCUSSION
We established an in vitro selection strategy for ribozymes with a novel activity, the triphosphorylation of RNA 5 0 -hydroxyl groups. The procedure identified more than a dozen independent ribozymes. One ribozyme was characterized in more detail. This ribozyme was able to work in trans, and its product was confirmed by mass spectroscopy. Its secondary structure appears to include a four-way helical junction. Its optimal reaction rate was at 100 mM TMP, 400 mM free [Mg 2+ ] and increased pH. The observed rate with the TPR1 ribozyme was 0.16 min À1 under optimal conditions (100 mM [TMP], 400 mM free [Mg 2+ ], pH 8.1) ( Figure 7) . As comparison, the rate of the uncatalyzed reaction (k uncat ) in the absence of Mg 2+ was estimated to be 3.4 Â 10 À4 min À1 , at 500 mM [TMP] and pH 12 [ Figure 2 in (31)]. Because the pH is limiting for the uncatalyzed reaction, its rate at pH 8.1 was assumed to be 10 3.9 -fold slower, at 4.3 Â 10 À8 min À1 . In addition, higher concentrations of TMP lead to faster reactions for the uncatalyzed reaction (31) . Because the influence of [TMP] on k uncat may be non-linear, we assumed a 3-fold lower k uncat at 100 mM [TMP] compared with 500 mM [TMP]. This rate of 1.4 Â 10 À8 min À1 is 1.1 Â 10 7 -fold below the rate of 0.16 min À1 for the ribozyme-catalyzed reaction. Mg 2+ ions accelerate the uncatalyzed reaction (63) but no kinetic data are available for this Mg 2+ acceleration. Therefore, the value for k cat / k uncat of $10 7 describes the rate enhancement of the ribozyme-catalyzed reaction in the presence of magnesium relative to the rate of the uncatalyzed reaction without magnesium.
None of the six tested ribozymes showed triphosphorylation activity of free nucleosides (Supplementary Figure S5) . It may be possible to overcome this in future experiments because many more ribozyme clones from our selection can now be tested for this activity. The fact that most of the isolated 36 clones appeared as single clones (Supplementary Figure S3 ) suggests that many more active sequences can be isolated. However, RNA world organisms could have 
G33C C10G -0.005 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 k obs (min -1 ) Figure 6 . Secondary structure analysis for the trans-triphosphorylating TPR1 ribozyme. (A) Autoradiograms of SHAPE analysis products, after reacting the ribozymes with 1M7 and subjecting them to reverse transcription with a 5 0 -[ 32 P]-radiolabeled primer. The left image shows a separation by 20% PAGE to separate short products, whereas the right image shows a separation by 10% PAGE to show the longer products. Each image shows three lanes, where (À) denotes a negative control with DMSO, (+) denotes the SHAPE reaction with 1M7 dissolved in DMSO and M denotes a marker lane with three 5 0 -radiolabeled DNAs that have the identical sequence as the expected reverse transcription products. The primer has a length of 12 nt, base paired to 12 nt that were appended to the ribozyme 3 0 -terminus. The SHAPE signal is shifted by one nucleotide relative to the length of the reverse transcription product because the reverse transcriptase stops at the nucleotide before the SHAPE modification. (B) The secondary structure was based on two types of analysis. Filled triangles indicate a strong signal from SHAPE analysis, whereas empty triangles indicate weaker signals. (C) Two base pairs suggested by the SHAPE data were tested by single mutations of each base partner, and double mutation that should have restored activity for correct base pairs. The observed reaction rate was determined as in Figure 5 and given for each mutant.
relied on the triphosphorylation of RNAs instead of free nucleosides to drive RNA polymerization: activation groups at the nucleoside 5 0 -phosphate are only necessary for RNA polymerization in the 5 0 -3 0 direction. In contrast, RNA polymerization in the 3 0 -5 0 direction does not require nucleotide activation because chain elongation proceeds via the reaction of the activated RNA primer 5 0 -terminus with the nucleoside 3 0 -hydroxyl group. This principle has been shown with an evolved variant of the class I ligase ribozyme that uses nucleoside triphosphates (NTPs) for the extension of RNA primers in both the 3 0 -5 0 and 5 0 -3 0 direction (64). This suggests that instead of NTP, a nucleoside could be used to extend the growing primer 5 0 -terminus. In the second step, the new RNA 5 0 -terminus could be triphosphorylated. Therefore, RNA polymerization in an RNA world organism could have proceeded via the alternating triphosphorylation of the RNA primer, and the extension of the primer 5 0 -terminus with a templated nucleoside. This polymerization in the 3 0 -5 0 direction may have had an advantage for RNA world organisms: Nucleoside triphosphates are necessary for 5 0 -3 0 elongation, but their negative charge destabilizes the binding of the monomer to the template strand due to charge repulsion with the phosphodiester backbone of the template strand. This difference in affinity can be inferred from measurements of stacking interactions in nucleosides and NTPs (65) . In contrast, RNA polymerization in the 3 0 -5 0 direction could use the uncharged nucleosides for the primer extension step, with a corresponding increase in monomer affinity to the template strand. Therefore, the alternating RNA 5 0 -triphosphorylation and extension with a nucleoside could have been an efficient RNA polymerization strategy for RNA world organisms.
In addition to promoting RNA polymerization, RNA world organisms could have used RNA 5 0 -triphosphates for several other reactions. This could have included RNA-RNA ligation (42,50,66,67), the formation of phosphoamidate bonds (45) , RNA capping (46, 68) and amino acid activation (69) . Together with the results of this study, this suggests that RNA world organisms could have used TMP to thermodynamically drive a wide range of reactions. 
